A therosclerosis is a chronic inflammatory disease of the vascular wall driven by the progressive intimal accumulation of leukocytes, consisting mainly of monocyte-derived macrophages that subsequently give rise to lipid-laden foam cells. 1 However, it is now well recognized that also local and systemic adaptive immune responses play a critical role in atherogenesis. 2 Since the first description of a localization of CD4 + and CD8 + T cells in human atherosclerotic plaques, 3 pro-and antiatherogenic CD4 + T-helper cell subsets have been defined. 4 In particular, CD4 + T-helper cells 1 (Th1) and their major cytokine interferon (IFN)-γ promote atherosclerosis, whereas Foxp3 + CD25
+ regulatory T cells inhibit vascular inflammation and atherogenesis. 5 Although still under debate, Th2 cells and their signature cytokines (eg, interleukin [IL]-13) may predominantly be protective. 4, 6 The function of Th17 cells and their cytokine IL-17 is still unclear because contradicting reports have been published in past years. 7 Surprisingly, however, the role of CD8 + T cells in atherogenesis is still largely unknown. CD8 + T cells have been described to constitute a variable but substantial proportion of the cellular plaque infiltrate in human and murine atherosclerosis. [8] [9] [10] Treatment of apolipoprotein E-deficient (Apoe −/− ) mice with a CD137 agonist strongly increased vascular CD8 + T cell infiltration, associated with exacerbated atherosclerosis. In addition, we 11 and others 12 also demonstrated drastically elevated CD8 + T cell levels and atherosclerotic lesion formation in Ldlr
Pd1
−/− mice, further suggesting a proatherogenic role of CD8 + T cells in atherogenesis. 13 Similarly, CD8 + T cell activation by antigen-presenting cells toward an artificial antigen specifically expressed in the
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vessel wall induced arteritis and increased atherosclerosis, possibly via classical cell toxicity mechanism directed toward vessel wall cells. 14 CD8 + T cells could, in addition, potentiate systemic and vascular inflammation through the secretion of proatherogenic cytokines. For instance, CD8
+ T cells were shown to highly secrete IFN-γ in aortic root-draining lymph nodes of hypercholesterolemic mice. 15 Moreover, Kyaw et al 16 recently proposed that CD8 + T cells were able to promote atherogenesis and the development of vulnerable plaques through cytotoxic and proinflammatory effects, mediated by granzyme B, perforin, and tumor necrosis factor (TNF)-α expression.
It should be noted, however, that several studies have proposed a nonessential role of CD8 + T cells in atherosclerosis. In Apoe −/− mice, deficiency in CD8 did not significantly affect atherosclerosis, whereas total TCRβ + T cell or CD4 + T-cell deficiency decreased or increased atherosclerosis, respectively. CD4 deficiency, besides abrogating atheroprotective regulatory T-cell responses, was speculated to lead to defects and proinflammatory properties of CD8 + T cells. 17 Hypercholesterolemic mice deficient in transporter associated with antigen processing-1, which is required for major histocompatibility complex (MHC) class I antigen presentation, displayed dramatically reduced CD8 + T-cell numbers but unaltered atherogenesis. These effects, however, may have been masked by a compensatory increase in CD4 + T-cell infiltrates in atherosclerotic lesions of Apoe
TAP1
−/− mice, leading to total lesional CD3 + T-cell contents comparable with controls. 18 Furthermore, a recent study proposed that a small subset of regulatory CD8 + T cells inhibited proatherogenic activation of follicular helper T cells (Tfh), thereby limiting lesion development. 19 Recently, CD8 + T cells were shown to indirectly promote monocyte production in the bone marrow through IFN-γ-mediated activation of bone marrow stromal cells during viral infection. 20 Considering that CD8 + T-cell depletion leads to a reduced macrophage accumulation in atherosclerotic lesions, 16 we here re-evaluated the function of CD8 + T cells during atherogenesis. Using a model of antibody-mediated depletion of CD8 + T cells in atherosclerotic low-density lipoprotein receptor-deficient (Ldlr −/− ) mice, we here show that CD8 + T cells control Ly6C high (Ly6C hi ) monocyte levels in circulating blood, spleen, and bone marrow, ultimately leading to reduced macrophage accumulation in plaques and decreased lesion formation without directly affecting monocyte recruitment. Furthermore, we show that CD8 + T cells promote medullar monopoiesis during atherogenesis, uncovering a previously unrecognized mechanism of CD8 + T-cell-driven atherogenesis.
Methods
Animals
Ldlr −/− mice (C57BL/6J background, obtained from the Jackson Laboratory) were bred and housed under specific pathogen free conditions. Eight-to 10-week-old male mice were placed on an atherogenic diet (15% milk fat, 1.25% cholesterol; Altromin) for 6 weeks, and treated with weekly intraperitoneal injections of 250 μg of rat antimouse-CD8α (clone YTS-169, referred to as anti-CD8α or a-CD8α), rat antimouse-CD8β (clone YTS-156.7.7, referred to as anti-CD8β or a-CD8β), or isotype-matched irrelevant rat-anti-Phyt1 (clone AFRC-MAC51, referred to as control). To analyze monocyte recruitment to the vascular wall, mice fed an atherogenic diet and treated with control or anti-CD8α for 5 weeks received intravenous injections of 10×10 6 bone marrow mononuclear cells (prepared by gradient density centrifugation on Histopaque 1083) from mice expressing the CD45.1 haplotype. Forty-eight hours after cell transfer, aortae and aortic roots were collected and prepared for flow cytometry. For in vivo IFN-γ-neutralization, mice received intraperitoneal injections of 250 μg of rat antimouse IFN-γ antibody (clone XMG1.2) or irrelevant isotype-matched rat anti-β-galactosidase antibody (clone GL113) every 48 hours for 3 weeks. All animal experiments were approved by local authorities (Regierung von Unterfranken, Würzburg, Germany) to comply with German animal protection law.
Immunohistochemistry on Human Tissues
Immunohistochemistry was performed on representative sections of human carotid artery tissue samples from patients with high-grade carotid artery stenosis (>70%) who underwent carotid endarterectomy in the Department of Vascular and Endovascular Surgery (Klinikum Rechts der Isar, Technical University Munich). The carotid plaque was fixed in formalin and embedded in paraffin. For analysis of CD8 expression, tissue sections were incubated overnight at 4°C with monoclonal mouse antihuman CD8 antibody visualized using peroxidase/DAB.
Enzymatic Tissue Digestion and Flow Cytometry
Blood counts were analyzed using an automated hematology analyser (Sysmex). For fluorescence activated cell sorting analyses, single-cell suspensions from blood, whole aortae, and aortic root after enzymatic dissociation using Liberase Blendzyme TL solution (Roche) or bone marrow were resuspended in HBSS, and cells were stained for 30 minutes at 4°C using specific antibodies from Becton Dickinson Biosciences or eBioscience. Intracellular labeling of TNF-α, IL-12, IL-17A, and IFN-γ was performed after PMA (phorbol-12-myristat-13-acetat)/ionomycine/brefeldin stimulation for 4 hours using the Becton Dickinson Cytofix/Cytoperm Kit (Becton Dickinson Biosciences). Bone marrow cells were incubated for 4 hours with brefeldin before intracellular staining for granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-6. Probes were analyzed using a FACSCanto II (Becton Dickinson) and FlowJo 7.6 software (Treestar Inc).
Analysis of Atherosclerotic Lesion Development
Arteries were perfusion-fixed in situ with phosphate buffered saline (PBS) followed by 4% buffered paraformaldehyde in PBS. The aortic root was cut in 5-μm transverse cryosections. Aortic root sections and the en face prepared aortae were assessed for atherosclerotic plaque size after staining with Oil-Red-O. Plaque size was quantified by computerized image analysis (Diskus Software).
Quantitative Real-Time Polymerase Chain Reaction
Total RNA was extracted from tissues using a Nucleo Spin RNAII extraction Kit (Macherey-Nagel, Düren, Germany) in accordance with the manufacturer's instructions. RNA were used for cDNA synthesis; RNA was reverse transcribed using random hexamer primers. Quantitative SYBR-green real-time polymerase chain reaction was performed on duplicate samples of template cDNA on an Applied Biosystems 7900HT fast realtime polymerase chain reaction system using specific primer pairs. Quantitative measurements were determined using the ΔCt method, with Hprt as the housekeeping gene.
In Vitro Coculture Assays
Bone marrow-derived macrophages were obtained by culturing total bone marrow cells from Ldlr −/− mice in Roswell Park Memorial Institute (RPMI) medium containing 10% heat-inactivated FCS, antibiotics, and 15% L929 cell-conditioned medium as a source of macrophage colony-stimulating factor (M-CSF). CD8 + T cells were isolated from the spleen of Ldlr −/− mice using antimouse CD8α microbeads and magnetic cell sorting according to the manufacturer's instructions (Miltenyi). Bone marrow-derived macrophages or SV40-transformed mouse endothelial cells (SVEC) were serum starved and cultured alone or with isolated CD8
+ T cells at a 1:1 ratio in RPMI containing 0.5% FCS, 5 μg/mL anti-CD3, and 1 μg anti-CD28 antibody, with the addition of 10 μg/mL anti-IFN-γ-neutralizing antibody or 10 μg/mL of isotype control antibody. After 24 hours of incubation, conditioned medium was collected and chemokine expression assessed by ELISA.
ELISA
Chemokine (CC-motif) ligand 2 (CCL2), chemokine (CXC-motif) ligand 1 (CXCL1), and CCL5 levels in serum and cell culture supernatants were measured using the corresponding ELISA Development Kits according to the manufacturer's instructions (Peprotech).
Statistical Analysis
Results are expressed as mean±SEM and were analyzed by Student t test or 1-way ANOVA followed by Bonferonni post-testing for multiple comparisons using Prism GraphPad 6.0 software. Differences with P<0.05 were considered to be statistically significant.
Results
CD8 + T Cells Are Present in Human and Murine Atherosclerotic Plaques
Given findings of CD8 + T-cell infiltrates within atherosclerosic plaques, 8 we first assessed the presence of this cell population in human and murine atherosclerotic vessels. Consistent with previous reports, immunostaining of human carotid artery atherosclerotic plaque tissue revealed abundant CD8 + T-cell infiltrates at various locations within lesions, including the plaque shoulder ( Figure 1A ) and around necrotic cores ( Figure 1B ). CD8 + T-cell infiltrates were also detected by fluorescence activated cell sorting analysis in the enzymatically digested aortic root ( Figure 1C ) and aorta (Online Figure I Figure 1E ). These data show that CD8 + T cells infiltrate human and murine lesions, and in addition produce proinflammatory cytokines both in inflamed vessels and systemically in atherosclerotic mice.
CD8 + T-Cell Depletion Reduces Atherosclerosis and Plaque Macrophage Accumulation
To evaluate the functional role of CD8 + T cells in atherosclerosis, this cell subset was continuously depleted in Ldlr −/− mice. Repeated injections with a monoclonal-depleting anti-CD8α antibody reduced CD8 + T-cell infiltrates in the aortic root and aorta ( Figure III) Figure IVA-IVC) . In addition, isolated splenic CD11c + DCs from anti-CD8α-treated mice loaded with OVA323-339 peptide did not show any alterations in their capacity to trigger antigen-dependent proliferation of naïve OTII CD4 + T cells, or regulatory T cell and Th1 polarization compared with control-treated mice (Online Figure IVD-IVF) , further confirming the specificity of our CD8 + T-cell depletion strategy. CD8 + T-cell depletion entailed a significant 33% reduction in atherosclerotic lesion size in the aortic root ( Figure 2C and 2D) and a 15% decrease in lesion formation in the aortic arch ( Figure 2E ) compared with mice injected with control antibody after 6 weeks of HFD feeding. No differences in serum cholesterol (control antibody, 7728±521 μg/mL; anti-CD8, 7214±31 μg/mL) or triglyceride levels (control antibody, 5.5±0.3 mmol/L; α-CD8, 5.5±0.2 mmol/L) were observed between groups. Histological analyses of the plaque furthermore revealed an unaltered plaque collagen content, but a 2.5-fold reduction in the relative necrotic core area and a 1.2-fold reduction in macrophage content ( Figure 2F -2H). CD45 + CD11b + F4/80 + macrophage numbers were also reduced by 1.8-fold in the aortic root ( Figure 2I ) and by 1.6-fold in the aorta (Online Figure IF) in anti-CD8α-treated Ldlr −/− mice as assessed by fluorescence activated cell sorting analyses. These data indicate that CD8 + T cells control lesional macrophage accumulation in atherosclerosis.
As lesion-infiltrating CD8 + T cells express IFN-γ, TNF-α, and IL-12, we furthermore assessed local mRNA expression of these cytokines. However, only Ifng but not Tnfa or Il12 transcripts were reduced in the aortic root of anti-CD8α-treated Ldlr −/− mice ( Figure 2J -2L). As IFN-γ promotes M1 macrophage polarization, 21 we furthermore analyzed the effects of CD8 + T cells on macrophage polarization. In vitro, coculture of bone marrow-derived macrophages with activated CD8 + T cells promoted M1 polarization, as reflected by increased inducibe nitric oxide synthase (Nos2) expression, an effect that was largely but not completely prevented in the presence of a neutralizing anti-IFN-γ antibody (Online Figure V) . In vivo, however, mRNA expression of Nos2 and of the M2 markers Peroxisome proliferator-activated receptor gamma (Pparg), Arginase-1 (Arg1), and mannose receptor, C type 1 (Mrc1) were not significantly altered in atherosclerotic vessels from anti-CD8α-treated Ldlr −/− mice compared with controls (Online Figure V) .
CD8 + T Cells Control Chemokine Expression
Macrophage accumulation within atherosclerotic plaques is affected by both circulating monocyte levels and the extent of their recruitment into the inflamed vessel wall. Both processes are dependent on specific chemokines. 22 Reduced Ccl2 and Cxcl1 but not Ccl5 transcript levels were observed in the aortic root ( Figure 3A -3C) in mice depleted of CD8 + T cells compared with controls, whereas no changes were noted for adhesion molecules Vcam1, Icam1, Pecam1, and P-selectin between groups (Online Figure VI) .
To explore a possible direct function of CD8 + T cells in controlling chemokine expression in vitro and the role of IFN-γ in this setting, activated splenic CD8 + T cells were cocultured with bone marrow-derived macrophages or a transformed endothelial cell line (SVEC), which represent surrogates for relevant target cells in the atherosclerotic plaques, in the absence or presence of an IFN-γ-neutralizing antibody. Indeed, CD8 + T cells induced the secretion of CCL2, CXCL1, and CCL5 protein into the supernatants of bone marrow-derived macrophages and induced CCL2 and CCL5 secretion in SVEC cells when compared with cell cultures without CD8 + T cells or the marginal expression in CD8 + T cells. Neutralization of IFN-γ interfered with the induction of CCL2 expression in macrophages but not in endothelial cells and did not affect the expression of CXCL1 and CCL5 in either of the cell types ( Figure 3D-3I ). This indicates that CD8 + T cells can directly trigger chemokine expression by macrophages and endothelial cells and IFN-γ dependently promote CCL2 expression in macrophages.
In parallel with altered chemokine expression in the vessel wall, we evidenced a 1.7-fold decrease in CCL2 serum levels in the blood of Ldlr −/− mice depleted of CD8 + T cells, whereas no changes were observed for CCL5 and CXCL1 ( Figure 3J-3L ).
CD8 + T-Cell Depletion Specifically Reduces Circulating Inflammatory Monocyte Counts but Not Their Recruitment to Inflamed Vessels
Reduced CCL2 and CXCL1 expressions in atherosclerotic vessels from anti-CD8α-treated Ldlr −/− mice raised the possibility that decreased macrophage accumulation in plaques resulted from impaired monocyte recruitment from the bloodstream. To 
Ly6G
-monocytes in anti-CD8α-and control-treated mice ( Figure 4A and 4B) , indicating that CD8 + T-cell depletion did not directly affect monocyte recruitment from the blood to the inflamed vessel wall.
Macrophage influx into atherosclerotic lesions is also highly dependent on blood monocyte counts. 23 Circulating levels of inflammatory Ly6C hi monocytes were decreased in anti-CD8α-treated Ldlr −/− mice at 6 weeks of HFD feeding, whereas numbers of Ly6C low (Ly6C lo ) monocytes remained unaffected ( Figure 5A-5C ). Chow-fed Ldlr −/− mice submitted to the same regimen of CD8 + T-cell depletion did not show any alterations in blood monocyte counts after 6 weeks, or changes in CCL2 serum levels (Online Figure VII) , showing that CD8 + T cells contribute to monocytosis under conditions of hypercholesterolemia.
In inflammatory settings, monocytes can be mobilized to the blood from different compartments, namely the spleen and the bone marrow. Therefore, we analyzed levels of mature Ly6C hi monocytes in these organs. Anti-CD8α treatment reduced levels of Ly6C hi monocytes in the bone marrow ( Figure 5D -5F) and spleen ( Figure 5G ) of Ldlr −/− mice at 6 weeks of HFD feeding, demonstrating that CD8 + T cells control the size of the medullar and splenic monocyte pool in hypercholesterolemia.
CD8 + T-Cell Depletion Affects Monopoiesis During Hypercholesterolemia
To investigate whether CD8 + T cells may control monopoiesis, we assessed levels of total Lin Figure 6H and 6I) were strongly reduced in the bone marrow of anti-CD8α-treated mice, whereas CMP numbers were unaltered but showed a relative increase in their frequencies ( Figure 6E-6I) . Similarly, a significant reduction in GMP cell counts was obtained in the spleen of these mice (Online Figure VIII) . These data suggest that CD8 + T cells promote monocyte expansion by promoting the differentiation of common myeloid to GMPs or through promotion of GMP proliferation.
As GMPs also give rise to neutrophils, we furthermore analyzed their distributions in different organs. Neutrophil counts were significantly diminished in the bone marrow, but not in the blood, spleen, or in atherosclerotic vessels (Online Figure IX) .
Absolute cell counts of MPs, CMPs, and GMPs were unaffected in bone marrow of Ldlr −/− mice treated with anti-CD8α for 6 weeks and fed a normal chow although a minute 3.9% increase in CMP frequencies reached significance (Online Figure  X) . Likewise, MP, CMP, and GMP levels were not affected in the spleen of chow-fed mice (Online Figure XI) . These findings show that CD8 + T cells promote monopoiesis specifically under conditions of hypercholesterolemia. In line, anti-CD8α treatment did not affect Ly6C hi monocyte levels in the bone marrow of Ldlr −/− mice fed a normal chow (Online Figure  XIIA) . However, low counts of inflammatory monocytes in spleen were further diminished by anti-CD8α treatment in Ldlr −/− mice fed a normal chow (Online Figure XIIB) , suggesting that CD8 + T cells control monocyte accumulation in the spleen both under normal and hypercholesterolemic conditions by mechanisms independent of direct effects on monopoiesis.
CD8 + T-Cell Depletion Using Anti-CD8β Antibodies Reduces Ly6C hi Monocyte Levels and Monopoiesis
Even though our data indicate that CD8 + T-cell depletion using anti-CD8α antibodies had no effect on the DC compartment or on CD4 + T-cell levels or activation, we wanted to further validate our findings using an alternative monoclonal hi monocyte levels were also significantly reduced (Online Figure XIVD and  XIVG) . Moreover, a reduction in the number of GMPs but no alterations in CMPs was noted in bone marrow of anti-CD8β-treated mice (Online Figure XIVE and XIVF) . These data further corroborate our findings that during atherogenesis, CD8 + T cells control monopoiesis, circulating and splenic monocyte levels, and ultimately macrophage accumulation within plaques.
CD8 + T-Cell Depletion Reduces GM-CSF and IL-6 Expression in Bone Marrow Cells
It was recently proposed that CD8 + T cells promote monopoiesis during acute viral infection through induction of IL-6 expression by bone marrow mesenchymal stromal cells. 20 GM-CSF has also been proposed as a regulator of the myeloid lineage during inflammation. 24 In Ldlr −/− mice fed a HFD for 6 weeks, expression of GM-CSF (Online Figure 
IFN Neutralization Partially Recapitulates the Effects of CD8 + T-Cell Depletion
IFN-γ has been proposed as the main mediator of CD8 + T-cellinduced monopoiesis during viral infection. 20 CD8 + T cells were the major IFN-γ-expressing cell population in the bone marrow, and anti-CD8α treatment significantly reduced frequencies of total medullar IFN-γ + cells (Online Figure XVI) . Notably, short-term treatment of HFD-fed Ldlr −/− mice with an IFN-γ-neutralizing antibody for 3 weeks induced a similar shift in medullar MP subpopulations and increased CMP but decreased GMP frequencies (Online Figure XVIIA-XVIIC) , accompanied by a trend towards decreased Ly6C hi and reduced Ly6C lo monocytes in blood (Online Figure XVIID and XVIIE). In contrast, however, IFN-γ neutralization was associated with a significant expansion of mature monocytes in the bone marrow (Online Figure XVIIF) . Although IFN-γ may thus, in part, be responsible for effects of CD8 + T cells on bone marrow monopoiesis during hypercholesterolemia, these findings also suggest that short-term IFN-γ blockade interferes with monocyte mobilization.
Discussion
In the present study, we demonstrate a novel mechanism by which CD8 + T cells contribute to atherogenesis through modulation of medullar monopoiesis and circulating Ly6C hi monocyte levels, thereby indirectly controlling macrophage accumulation within lesions. Previous studies addressing the role of CD8 + T cells in atherogenesis have mostly used genetically engineered mouse models of CD8 + T-cell deficiency with contradictory results, 17, 18 which may be because of compensatory mechanisms in these mice. We circumvented this hurdle by treating Ldlr −/− mice with an anti-CD8α monoclonal antibody, which efficiently depleted CD8 + T cells while not altering DCs levels, including CD8α + DCs, and functionality of splenic CD11c + DCs, as well as leaving CD4 + T cell numbers, activation and polarization untouched, thus confirming the specificity of our depletion strategy. CD8 + T-cell depletion with the anti-CD8α antibody entailed a significant decrease in atherosclerotic lesion formation in the aortic root and the aortic arch, in line with a recent study using a similar approach in Apoe −/− mice, 16 corroborating a proatherogenic role of CD8 + T cells. Lesions of anti-CD8α-treated mice had smaller necrotic cores, which is consistent with cytotoxic properties of CD8 + T cells in plaques that may depend on perforin and granzyme B expression. 16 Also coherent with previous findings, this reduction in lesion formation was associated with a reduction in lesional macrophage accumulation. Furthermore, we here observed diminished expression of CCL2 and CXCL1 in atherosclerotic tissue, chemokines that are known to attract monocytes. 22, 23, 25, 26 Reduced chemokine expression in plaque tissue may reflect changes in lesion cellular composition (ie, reduced macrophage content) or reduced chemokine expression by individual plaque cells. In vitro, activated CD8 + T cells promoted expression of CCL2, CXCL1, and CCL5 in macrophages and endothelial cells, and IFN-γ dependently induced CCL2 in macrophages, suggesting that CD8 + T cells may also promote chemokine expression by neighboring cells within plaques. These results also raised the possibility that CD8 + T cell may indirectly promote monocyte recruitment to the plaque. The recruitment of adoptively transferred monocytes, however, was unaffected in anti-CD8α-treated atherosclerotic mice, ruling out this hypothesis.
Circulating Ly6C hi monocytes are known to give rise to macrophages in atherosclerotic lesions, 26 and their circulating levels dictate the extent of macrophage accumulation within plaques. 23 Anti-CD8α-treated mice displayed reduced circulating Ly6C hi monocyte counts. Considering that direct monocyte recruitment to plaques was unaffected by CD8 + T-cell depletion, this suggests that reduced circulating Ly6C hi monocyte levels in CD8 + T-cell depleted mice caused the reduction in macrophage accumulation within plaques. A recent study suggested that lesional proliferation of macrophages is responsible for their accumulation during late phases of plaque development, 27 and one could speculate that CD8 + T cells may interfere with macrophage proliferation at this stage. Our model of atherosclerosis after 6 weeks of HFD feeding, however, is rather representative of the early steps of atherogenesis, when monocyte recruitment prevails. 27 Significantly decreased serum CCL2 concentrations in anti-CD8α-treated mice may indicate a possible impairment of CCL2-mediated monocyte mobilization from the bone marrow 28, 29 or spleen. 30, 31 Contrary to this notion, however, levels of mature monocytes were similarly reduced in bone marrow and spleen of anti-CD8α-treated hypercholesterolemic mice, suggesting that CD8 + T cells control myelopoiesis. Spleen but not bone marrow monocyte levels were also reduced in normocholesterolemic mice, suggesting that CD8 + T cells control the size of the splenic monocyte pool also under homeostatic conditions; the mechanisms underlying this phenomenon require further investigations.
Recent evidence indicates that hypercholesterolemia primes hematopoietic stem and progenitor cells toward myelopoiesis, including monopoiesis, 32 and that CD8 + T cells can promote emergency monopoiesis during viral infection. 20 We here evidenced that CD8 + T-cell depletion led to decreased levels of GMPs, which represent a late stage of myeloid cell differentiation, both in the bone marrow and the spleen, an effect that occurred specifically in hypercholesterolemic mice. Consistent with lower GMP levels, bone marrow neutrophil levels were also decreased, but their counts at other sites (blood, spleen, and atherosclerotic vessels) were unchanged, suggesting that the size of the medullar neutrophil pool remained sufficient to provide for unaltered neutrophil counts at peripheral sites.
Our data thus suggest that CD8 + T-cell depletion limits the medullar production of mature monocytes, which are then mobilized to the bloodstream at lower numbers. Reduced CCL2 blood levels may contribute to lower circulating Ly6C hi monocyte counts in CD8 + T-cell depleted mice. Reduced blood Ly6C hi monocyte numbers then, in turn, lead to diminished macrophage accumulation within plaques. Corroborating these findings, similar evidence was obtained using a different depleting antibody targeting CD8β.
In a recent study, Schürch et al 20 proposed that CD8 + T cells promote medullar monopoiesis through an IFN-γ-dependent induction of IL-6 in bone marrow mesenchymal stromal cells in acute viral infection. In our study, CD8 + T-cell-depleted mice displayed reduced IL-6 expression in bone marrow cells, including CD45
-bone marrow cells. CD8 + T cells themselves displayed minimal IL-6 expression in bone marrow, indicating that CD8 + T cells control IL-6 expression in other bone marrow cells and in turn may promote monopoiesis also in hyperlipidemia-associated chronic inflammation. Short-term IFN-γ neutralization in atherosclerotic mice reduced medullar GMP and circulating monocyte levels, similar to findings in CD8 + T-cell-depleted mice. In contrast, it also entailed an increased accumulation of monocytes in the bone marrow. Although IFN-γ secretion by CD8 + T cells may, thus in part, contribute to monopoiesis and Ly6C hi monocytosis during atherogenesis, this suggests that other mechanisms are involved that remain to be elucidated. Of note, Kyaw et al 16 proposed that proatherogenic effects of CD8 + T cells were IFN-γ independent. Expression of GM-CSF was also reduced in bone marrow cells in CD8 + T-cell-depleted mice, which may further contribute to the observed phenotype. 24 Recently, Clement et al 19 showed that a small subset of regulatory CD8
+ T cells limited atherosclerosis through inhibition of Tfh cells. Our results and those of Kyaw et al 16 demonstrate that depletion of total CD8 + T cells leads to atheroprotective effects, indicating that when considering the CD8 + T-cell compartment in its entirety, proatherogenic effects prevail.
In conclusion, we here show that CD8 + T cells promote the expansion of the monocytic compartment in bone marrow, spleen, and blood and lead to an increased accumulation of macrophages in the arterial intima promoting atherosclerotic lesion formation. Our work identifies CD8 + T cells as a potential therapeutic target for immune modulation of atherosclerosis.
What Is Known?
• Macrophage accumulation within atherosclerotic lesions is dependent on blood monocyte counts and determines atherosclerotic lesion growth.
• CD8 + T cells are present in atherosclerotic lesions in humans and mice and can promote atherosclerosis by cytotoxic and proinflammatory mechanisms.
What New Information Does This Article Contribute?
• We revealed that CD8 + T cells control monopoiesis in bone marrow and spleen and systemic levels of inflammatory Ly6C high monocytes in hypercholesterolemic mice.
• By controlling circulating monocyte counts, CD8 + T cells promote lesional macrophage accumulation and atherosclerotic lesion growth.
Atherosclerotic lesion development is driven by the progressive intimal accumulation of monocyte-derived macrophages, which is likely to be highly dependent on blood monocyte counts.
Despite their presence within atherosclerotic lesions, the role of CD8 + T cells in atherogenesis remains unclear. Recent evidence from murine models suggests that CD8 + T cells may promote atherosclerosis through cytotoxic and proinflammatory mechanisms and may contribute to macrophage accumulation within plaques. Using a model of antibody-mediated depletion of CD8 + T cells in hypercholesterolemic low-density lipoprotein receptordeficient mice, we found that CD8 + T cells control systemic levels of Ly6C high monocytes and promote macrophage accumulation within plaques in atherosclerotic mice. The CD8 + T cells did not affect direct monocyte recruitment to plaques, but controlled monocyte generation in the spleen and bone marrow. These findings reveal a novel mechanism of hypercholesterolemia-induced monocytosis by which proatherogenic CD8 + T cells contribute to macrophage accumulation within plaques and drive atherogenesis. The CD8
SUPPLEMENTAL MATERIAL
Material and methods
Animals
Ldlr -/-mice (C57BL/6J background, obtained from the Jackson Laboratory) were bred and housed in specific pathogen free conditions. 8 to 10 week old males were put on an atherogenic diet (15% milk fat, 1.25% cholesterol, Altromin, Lage, Germany) for 6 weeks, 
Immunohistochemistry on human tissues
Immunohistochemistry was performed on representative sections of human carotid artery tissue samples from patients with high-grade carotid artery stenosis (> 70%) that underwent carotid endarterectomy (CEA) in the Department of Vascular and Endovascular Surgery (Klinikum rechts der Isar, Technical University Munich). The carotid plaque was fixed in formalin and embedded in paraffin. For analysis of CD8 expression, tissue sections were incubated overnight at 4 °C with monoclonal mouse anti-human CD8 antibody (1/1000, Clone C8144B, DAKO) and visualized using peroxidase/DAB ChemMate Detection Kit (Dako) according to the manufacturer's instructions. Images were recorded using a Leica DM 4000B microscope and JVC KY-F75U camera.
Organ collection, enzymatic tissue digestion and flow cytometry
Blood counts were analysed using an automated hematology analyser (KX-21N, Sysmex, Germany). For FACS analyses, tissues were passed through a 70 µm filter (BD Biosciences, Germany) to obtain single-cell suspensions. Whole blood was combined with a red blood cell lysis buffer (155 mM NH 4 Cl, 10 mM KHCO 3 
Analysis of atherosclerotic lesion development
Arteries were perfusion-fixed in situ with phosphate buffered saline (PBS) followed by 4% buffered formaldehyde paraformaldehyde in PBS (PFA; Sigma Aldrich, USA). The heart and whole aorta were removed and carefully cleaned of extraneous fat before being post-fixed in 4% PFA. The aortic root was then cut 5-μm transverse cryosections. Aortic root sections were assessed for atherosclerotic plaque size after staining with Oil-Red-O. All images were recorded with a Leica DM 4000B fluorescence microscope and JVC KY-F75U camera.
Plaque size was quantified by computerized image analysis (Diskus Software, Hilgers, Germany).
Quantitative Real-Time PCR
Total RNA was extracted from tissues using a Nucleo Spin RNAII extraction Kit (MachereyNagel, Düren, Germany) in accordance with the manufacturer's instructions. Equal amounts of template RNA (1 µg) were used for cDNA synthesis; RNA was reverse transcribed using random hexamer primers (Thermo Scientific, St. Leon-Rot, Germany). Quantitative SYBRgreen real-time PCR was performed on duplicate samples of template cDNA on an Applied Biosystems 7900HT fast real-time PCR system using specific primer pairs (Eurofins MWG After an initial denaturation at 95°C for 10 minutes, 40 cycles of denaturation at 95°C for 15 secsonds and annealing at 60°C for 60 seconds was carried out. After PCR amplification, dissociation curves were constructed to confirm formation of the intended PCR products.
Quantitative measurements were determined using the Ct method, with Hprt as the housekeeping gene.
In vitro co-culture assays
Bone marrow derived macrophages were obtained by culturing total bone marrow cells from and cultured at a 1:3 ratio for 3 days. Proliferation was assessed by CFSE dilution while intracellular staining for IFNγ (as described above) and Foxp3 were used for Th1 and Treg polarization analysis.
ELISA
Blood was extracted by retro-orbital puncture and placed in a Serum Collection Tube (Sarstedt, Nümbrecht, Germany). Serum was then collected according to the manufacturer's instruction. CCL2, CXCL1 and CCL5 levels in serum and cell culture supernatants were measured using the corresponding ELISA development kits according to the manufacturer's instructions (Peprotech, Hamburg, Germany).
Statistical Analysis
Results are expressed as mean ± SEM and were analyzed by a Student's t-test or 1-way analysis of variance (ANOVA) followed by Bonferonni post-testing for multiple comparisons using Prism GraphPad 6.0 software. Differences with p values < 0.05 were considered to be statistically significant. 
